The ability of mononuclear phagocytes (MPh) to manifest procoagulant activity (PCA) resulting in the formation of fibrin is thought to be a key MPh effector function in tissue repair. The present study addresses the question of whether monocyte PCA is confined to tissue hypersensitivity reactions or is a general correlate of all immune responses. We show here that PCA is not the obligate outcome when the immune system is stimulated. In particular, under in vitro conditions in which a mitogen (phytohemagglutinin) or an antigen (purified protein derivative of tuberculin) elicits good PCA responses, incubation with influenza virus does not result in the generation of PCA, although other parameters of response to the virus appear to be intact. Moreover, influenza virus can cause suppression of PCA when cultures are stimulated with either phytohemagglutinin, purified protein derivative of tuberculin, or endotoxin, conditions which would otherwise result in good PCA responses. This lack of PCA persists throughout the culture period and is not caused by an effect of influenza virus on the viability of either MPh or leukocytes in general.
The ability to generate procoagulant activity (PCA) is an effector function of mononuclear phagocytes (MPh) (8, 10) . This monocyte PCA has been identified as thromboplastin, or tissue factor, an agent which initiates the extrinsic pathway of coagulation (9, 19, 37, 48) , culminating in the polymerization of fibrin (20) . PCA is generated in MPh through major histocompatibility complex (MHC)-restricted T-cell collaboration (28, 42, 43) partly mediated by PCA-specific lymphokines (14, 40) . Reports indicate that it can also be induced by the direct interaction of mitogens or antigenantibody complexes with MPh (8, 10, 44) . In vivo, the laying down of fibrin at sites of tissue immune responses has been recognized for many years. For example, fibrin deposits have been observed in models of delayed-type hypersensitivity (36) , in kidney allografts (17) , and in tumors (7) , with a direct association of the fibrin with MPh in each situation (5, 6, 15, 16, 22) . It is speculated that this type of monocyte coagulation may be an important component of both wound healing and tissue repair. This raises the question of whether activation of monocyte PCA is the result only of tissue delayed-type hypersensitivity responses (12) or whether it occurs generally in all types of immune activation. We have begun to investigate this question in vitro by comparing the PCA generated by human mQnocytes in response to a mitogen (phytohemagglutinin [PHA] ) and a delayed-type hypersensitivity-type antigen (purified protein derivative of tuberculin [PPD] ) (9, 48) with the PCA generated by influenza virus, a stimulus known to provoke both cellular and humoral immune responses in humans.
MATERIALS AND METHODS
Cells and cell culture. Peripheral blood mononuclear cells (PBMs) were obtained from the blood of normal volunteers by Ficoll-Hypaque density centrifugation (8 = 1.09). The cells were washed twice (viability, >95%) and adjusted to a concentration of 2 x 106 viable cells per ml in RPMI 1640 (Flow Laboratories Ltd., Irvine, Scotland) supplemented with 25 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-1 mM sodium pyruvate-2 mM glutamine-10% type AB human serum. For the proliferation assay, 0.2 ml of medium containing 4 x 105 PBMs and 10 tl of an appropriate dilution of antigen or mitogen were incubated in 96-well round-bottomed microdilution plates (no. 76-013-05; Flow Laboratories). For the PCA assay, 1 ml of the cell suspension and 10 of an appropriate dilution of the antigen or mitogen were incubated at 37°C in 12-by-75-mm plastic tissue culture tubes (no. 2058; Becton Dickinson Labware, Oxnard, Calif.) for various time periods as indicated.
Antigens, mitogens, and other reagents. Concentrations of antigens and mitogens were selected on the basis of optimal proliferative responses. PHA (Leucoagglutinin; Pharmacia, Inc., Piscataway, N.J., or Difco Laboratories, Detroit, Mich.) was used at a final concentration of 10 SLg/ml; PPD was obtained from the Ministry of Agriculture (Fisheries and Food, Central Veterinary Laboratory, Surrey, England), reconstituted as recommended, and used at a final dilution of 1/2,500 (25 ptg/ml); and Formalin-inactivated influenza virus strain A/Tex/l/77 was obtained from Alan Rosenthal (Merck Sharpe & Dohme Research Laboratories, Rahway, N.J.) and used at 10 ,ug/ml, which represented 5 hemagglutinating units per ml. The same doses of PHA, PPD, and influenza virus used to stimulate T-cell proliferation were used to stimulate the production of PCA. Concentrations 5-fold greater or 10-fold less showed no significant differences in the levels of PCA induced.
The above reagents, the standard and low-endotoxin tissue culture media (Flow Laboratories), and added supplements were all tested for the presence of endotoxin by the Limulus assay (E-toxate; Sigma Chemical Co., Poole, Dorset, England). The standard tissue culture medium was estimated to contain more than 8 ng of endotoxin per ml; the low-endotoxin tissue culture medium, PHA, PPD, and influenza virus all contained less than 20 pg of endotoxin per ml and were used in the reported experiments except where indicated. When tissue culture medium low in endotoxin (<20 pg/ml) was used, very low amounts of PCA were generated in the absence of added mitogen or antigen. An average of 22.8 13.5 U of PCA was measured in cell sonic 616 MATHIES AND HOGG extracts from day 1 to 6 of the culture period. This is in contrast to the much higher background levels observed by ourselves and others (44) After a further 4-h incubation period, the cells were harvested and counted by liquid scintillation. Samples were always run in quadruplicaté.
In vitro anti-influenza virus antibody production. The procedures for the in vitro production and detection of antiinfluenza antibody have been previously described in detail (27, 49) . Briefly, PBMs stimulated with influenza virus at 0.5 hemagglutinating units per ml were cultured for 6 days in round-bottomed 96-well microdilution trays in RPMI 1640 containing 10% fetal calf serum (FCS). The cells were then washed and recultured in medium containing 5% FCS for a further 18-h period, after which supernatants were collected and assayed for anti-influenza virus antibody by using an enzyme-linked immunosorbent assay.
Assay for PCA. Although the PCA of whole-cell suspensions may be the most relevant in terms of biological function, clotting activities of supernatants, whole-cell suspensions, and sonic extracts were tested in all experiments. Supernatant fluids contained little activity during incubation periods of up to 6 days, during which time cell viability remained high. Because of a previous report in the literature indicating the presence of an inhibitory agent in the culture fluids (13) , some experiments were done in which the cells were suspended in their own culture fluid rather than in fresh medium. The results of the two methods of suspension were always comparable, and no evidence was found in any of our experiments for the existence of an inhibitor of PCA in the culture supernatants (data not shown).
After the designated incubation period (varying from 1 to 6 days), the supernatant culture fluids were withdrawn, and the cells were suspended in 1 ml of RPMI 1640 lacking serum. Samples of suspended cells were sonicated for 30 s at an amplitude of 6 ,um with a sonicator (Soniprep 150; MSE Scientific Instruments, Crawley, England). Duplicate samples of supernatant fluid, cell suspension, and sonic extract were tested for procoagulant activity in a standard one-step recalcification assay as follows. One hundred microliters of the sample or of a thromboplastin standard was added to 100 ,ul of citrated plasma in a glass tube (3 by 3/8 in. [ca. 8 No toxic effect of virus on leukocytes. The fact that PCA levels failed to develop in cultures containing influenza virus might also have been explained if the virus were exerting a toxic effect on the cultured cells. Because monocytes are the cells which actively produce PCA, but T cells are known to contribute inducing factors, it was of interest to assess the viability of both cell types throughout the incubation period. Samples from influenza virus-containing, PPD-containing, and control cultures were tested prior to incubation (time 0) and after 1, 2, and 6 days of culture. Both monocytes (which were specifically labeled with monoclonal antibodies 44 and Leu M3) and lymphocytes (not labeled with these monoclonal antibodies) continued to fluoresce brightly when stained with fluorescein diacetate throughout the culture period, indicating that they remained viable in all cultures for at least 6 days. In addition, total leukocyte viability remained high during the same period in all cultures tested, whether by trypan blue exclusion or the fluorescein diacetate method.
Lack of correlation of "flu effect" with other parameters of immune function. Previous studies have indicated that there is wide variation among individuals in the ability of their PBMs to mount an in vitro response to influenza virus (33) . We wished to determine whether the depressive effect of the virus on PCA formation is a general phenomenon or whether it is correlated with a low immune response to influenza virus and was thus observed in our study because we had, by chance, happened to select only low responders as subjects.
An experiment to test this point is shown in Table 1 . The PBMs from seven individuals were simultaneously incubated in culture for 6 days and tested for cell proliferation, levels of anti-influenza virus antibody, and ability to generate procoagulant activity. Three general patterns of response occurred. Two individuals (subjects 1 and 2) gave a high proliferative response and high titers of antibody against influenza virus (>30 ng/ml), another two (subjects 3 and 4) also gave a high proliferative response but were low antibody responders, and the remaining three individuals (subjects 5, 6, and 7) were low responders in terms of both T-cell thymidine incorporation and in vitro antibody production. In this experiment the PBMs from these seven individuals were also cultured with or without influenza virus for 6 days in medium containing 8 ng of endotoxin per ml and assayed for PCA. The depressive effect of the virus on PCA occurred in all seven cases, although there was some variation in the percentage of depression because of the differences in the amount of PCA generated in the cultures in the presence of endotoxin. We conclude from this experiment that the inhibition of PCA by influenza virus is shown by the PBMs of all individuals, regardless of their ability to mount an in vitro immune response to influenza virus. The fact that these cells proliferated and produced antibody in the presence of influenza virus further suggests that its effect on PCA is not simply due to a generalized inactivation of cells resulting from agglutination, fusion, or other membrane alterations. Effect of influenza virus on monocyte PCA which is stimulated by other antigens and mitogens. In order to test whether the presence of influenza virus would inhibit the increase in PCA caused by other agents, PBMs were cultured in the presence of PHA or PPD with and without the addition of influenza virus ( Table 2 ). The addition of influenza virus was found to depress the normal amount of PCA formed in response to PPD by 95%. Similarly, influenza virus had a depressing effect on the formation of PCA in PHA-stimulated cultures, although the effect was much more variable. Preliminary studies using live virus of other strains of influenza A (Chile and Mississippi) indicated a similar pattern of depression (data not shown).
Time course of PCA induction and inhibition by influenza virus. The inhibition of monocyte PCA by influenza virus was examined over the course of 6 days. A typical experiment is illustrated in Fig. 2 . Although the influenza virus inhibition of both PPD and PHA responses was evident within the first 24 h in culture, the extent of inhibition was ' PBMs (2 x 10') were cultured for 6 days in the presence of PPD or PHA alone (-Flu) or in the presence of PPD or PHA plus influenza virus (+Flu). more striking later in the incubation period, e.g., on days 4 to 6. The generally heightened responsiveness evident on day 1 compared with day 2 has been observed by others (48) and probably resulted from nonspecific activation of monocytes during harvesting and preparation for culture.
Nature of the PCA. Given the multiplicity of interacting factors known to be involved in clotting, it was of interest to try to define the nature of the substances) produced in these PBM cultures which resulted in the enhanced clotting activity. Plasmas deficient in various blood clotting factors were tested with pooled PHA-and PPD-stimulated cell sonic extracts from day-S or -6 cultures. The brain thromboplastin standard was used to assess the activity of the extrinsic pathway, and tissue culture medium was used to control for the reactions of the intrinsic pathway. The results of a typical experiment (Table 3) indicate that the detected PCA had a partial dependence on an exogenous source of factor VII and an absolute dependence on factor X.
DISCUSSION
Mononuclear phagocytes have essential functions in several aspects of the immune response. One function which Both PHA and PPD were found to induce high levels of a PCA which showed complete dependence on factor X but only partial dependence on factor VII. These findings confirm previous reports (18, 43) and can be explained by the observations that stimulated monocytes not only make thromboplastin or tissue factor (10, 19) but also synthesize (47) and bind (3) factor VII/VIla. Such activated cells are thus capable of assembling on the membrane the initial components of the extrinsic coagulation pathway which, by interaction with factors X, 11, and fibrinogen from plasma, are able to generate fibrin (21, 46) . However, in contrast to the PCA stimulated by PHA and PPD, we observed a failure of PCA induction in cultures responding to influenza virus. This flu effect was able to override the PCA-inducing activities of other activating agents. Thus, when cultures were incubated with PHA and PPD along with influenza virus, the expected PCA was either severely or completely depressed. As induction of PCA generally appears to require MHCrestricted collaboration with T cells (19, 20, 48) , it is possible that the lack of PCA in influenza virus-incubated cultures could be due to an effect by virus on T cells in the form of generation of suppression or inhibition of help. However, there was no correlation in this study between the lack of PCA and differences in levels of influenza-stimulated T-cell proliferation or in T-cell help assessed at the level of antibody production (Table 1) . These findings confirm the many reports of adequate humoral and cellular responses to influenza virus observed both in vitro (26, 33) and in vivo (34, 35) . It is possible that there was a failure on the part of influenza virus-activated T cells to produce the PCA-specific lymphokine(s) (40, 43) . However, murine influenza-specific T cells have been shown to make such PCA-inducing activity (41) .
In general, influenza virus did not affect the proliferative response to PHA which normally appeared 3 days before the optimum proliferation induced by influenza virus itself (M. Mathies and B. Lum, unpublished observations). Thus, the virus did not appear to affect T-cell responses or the accessory cell activities of monocytes upon which T-cell responses depend.
The most likely explanation for the PCA inhibitory effect is a direct interaction of virus with monocytes, which are known to be targets of infection by live influenza virus (18, 33) . For example, endotoxin, which acts directly on monocytes to generate PCA (44), has its effect blocked by influenza virus. Preliminary experiments in which separated cell populations were individually incubated with influenza virus in the presence of endotoxin reinforce this conclusion (data not shown). A simple explanation for the lack of PCA might be that exposure to virus affected the viability of the monocytes. However, neither monocytes nor PBMs showed any decline in viability during the experiments.
The functioning of MPh appears to be affected in a selective manner. Thus, accessory cell activity remained intact, as immune responses to influenza virus could be generated in vitro (26, 33) (4, 31, 39) , (ii) immunoglobulin production (4) , (iii) the ability of monocytes to phagocytose (11, 31) , and (iv) the response to chemotactic signals (11, 23 ). It appears that such infection has a broad effect on monocyte-differentiated functions while not affecting viability (4). The cleavage of 5'-terminal fragments from host cell mRNAs by viral core proteins (25) provides a possible mechanism by which influenza virus could prevent the expression of newly induced monocyte functions. This activity does not require viral replication, and whether it proceeds to some degree with inactivated virus is not known. If so, the generation of PCA is one differentiated function of monocytes which is extremely sensitive to viral exposure. It would be interesting to know whether there is a relationship between a lack of PCA and exposure to other viruses which preferentially infect human macrophages, such as measles virus (4) , poliovirus (45) , and cytomegalovirus (38) .
Lack of PCA is not characteristic of all viral infections, as the level of response to mumps virus in humans (13), West Nile virus (1) , and hepatitis virus in mice (29, 30) has been directly correlated with the level of PCA. The amount of PCA made in response to infection with murine hepatitis virus MHV.3 depends on the strain of mouse (29) . Mice which succumb to MHV.3 infection are those which generate high levels of PCA, and there are indications that the microthrombi formed are a key factor in the pathology of the infection (30) . The laying down of fibrin may serve as a useful early event in the repair of damage during tissue immune responses, but a role for such an activity within the peripheral circulation, inevitably leading to obstruction, is not apparent. Further studies are required to elucidate the kinds of immune responses which are accompanied by the induction of PCA and to understand the physiological significance of this phenomenon.
